Abstract. In this work we present a systematic investigation of magnetic and structural properties of a broad range of Ni-Mn-Ga alloys by means of the density functional theory. Calculations are carried out for the cubic austenitic phase. The effect of chemical disorder is simulated by using the single-site coherent-potential approximation and the spin-polarized generalized gradient approximation. Equilibrium lattice parameters, bulk moduli, total magnetic moments, and formation energies of a wide range of Heusler alloys have been mapped on compositional ternary diagrams that give a bigger picture of the variety of physical properties of this family of alloys.
Introduction
Heusler alloys are ternary or quaternary intermetallic compounds known for several technologically promising features, for example, the magneto-structural coupling that yields the so-called magnetic shape-memory effect or giant magnetocaloric effect. Ternary Heusler alloys are typically known to be magnetic and assume a cubic (L2 1 or B 2 ) crystal structure with a generic chemical formula X 2 YZ (where B 2 is like the L2 1 structure, but with some disorder on the Y and Z sites) [1, 2] . The X and Y sites are typically occupied by transition 3d metal elements, while the Z site contains some sp elements, like Ga, Ge.
At present, among many ferromagnetic (FM) shape memory alloys, Ni-Mn-Ga Heusler systems are the most studied by means of theoretical and experimental approaches (for example, see Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ). Such high interest is related to the unique properties exhibited by the prototypical stoichiometric shape-memory compound Ni 2 MnGa. However, while the stoichiometric compound is the canonical Heusler system, the richness of its properties can be significantly extended with many chemical substitutions. A variety of different offstoichiometric Ni-Mn-Ga compositions, which have been synthesized and characterised in past twenty years are mappen on the ternary diagram shown in Fig. 1 . Here, we have collected about 900 compositions of Ni-Mn-Ga, but this summary is far from being complete. This diagram clearly indicates that the most popular compositions are localized are localized in the middle part of a ternary diagram, close to the stoichiometric system. The majority of well-studied compounds belong to the families of Ni 2+x Mn 1-x Ga (x = 0.0 -0.39) and Ni 2 Mn 1+x Ga 1-x (x = 0.0 -0.4), showing a strong coupling between the magnetic and structural subsystems [10] . But overall, on the bigger picture we see that a large area on the compositional diagram of Ni-Mn-Ga remains to be explored, but it may potentially lead to discoveries for important functional properties. We would like to emphasize that computational approaches on the level of the density functional theory (DFT) have been quite successful in describing electronic, structural, magnetic and dynamical properties of Ni-Mn-Ga Heusler alloys [10] . However, it is important to recognize that the theoretical studies of Heusler alloys are traditionally limited to stoichiometric compositions such as Ni 2 MnGa. The reason for that is the natural difficulty of a theoretical description of a random system, while some computational approaches have achieved substantial success in studies of offstoichiometric systems. This task remains very challenging. There is no "perfect" theoretical tool that would provide comprehensive descriptions of an offstoichiometric system, like the family of Ni-Mn-Ga compounds. On the other hand, experimental studies mainly deal with wide ranges of chemical compositions. This gap between the experimental situation and the theoretical picture needs to be closed by the computational research. In this work we perform a wide-range systematic study of the family off-stoichiometric Ni-Mn-Ga alloys by using the coherent potential approximation (CPA) in the framework of DFT. Our goal is explore the compositional variations of the structural stability and magnetic properties of Ni-Mn-Ga compositions, especially focusing on the areas that have not been covered by the experimental research.
Ab initio calculation details
In order to simulate the range of chemical compositions of Ni-Mn-Ga alloy, we employ the spin-polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR) electronic structure code [16] . It is based on the density functional theory and uses the generalized gradient approximation for the exchange correlation functional in the formulation of Perdew, Burke and Ernzerhof (PBE) [17] . Calculations of equilibrium lattice parameters, bulk moduli, and total magnetic moments were carried out for austenitic L2 1 structure (space group Fm3m). The chemical disorder was simulated by using the single-site coherent-potential approximation (CPA), which is designed specifically to describe disordered systems by composing weighted fractions of various chemical species. This approach implies that on a specific atomic site one can have a virtual atom that is composed of X% of atomic species A and (100-X)% of atomic species B, thus allowing for simulations with wide ranges of offstoichiometric compositions within a normal unit cell of a crystal. We would like to point out that there are alternative ways of studying chemically disordered materials, like for example using the supercell approach. But in this study, we would like to reveal continuous crossovers on the phase diagram from one ground state to another, which would map the big picture of the chemical trends. The supercell approach would be prohibitively expensive for such studies, but can help in refining of the details. Besides, a mesh of different compositions (density of points), which have to cover the whole area of the ternary diagram of Ni-Mn-Ga would depend drastically on the size of the supercell. Evidently, by using the supercell approach the energy calculations will take more computational efforts as compared with the CPA. Therefore, in this work we focused on the CPA technique in spite of the fact that it is a mean field method. While it averages results and misses the important local chemical properties (including local symmetry), we still demonstrate that it helps to the "big" picture of the compositional dependence, which may stimulate more precise studies of particular areas on the ternary diagrams.
The maximum number of CPA iterations and the energy convergence tolerance were set to 20 and 0.01 mRy, respectively. For SCF cycles, the scattering path operator was calculated with the special method using a regular k-mesh grid of 57 3 with 4495 k points, and the BROYDEN2 scheme [18] was used with the exchangecorrelation potential of PBE. For the SCF calculations the arc-like contour path in the complex energy plane has been chosen as in approach of weakly bound states which were treated as core states. The upper end of the energy path E max was set to the Fermi energy E F . For the real part of lowest energy value we have used the value of E min = −0.1 Ry. The number of E-mesh points was set to 30. In order to achieve a faster convergence, the SCF mixing parameter was set to 0.20. The maximum number of SCF iterations was taken to 200. Figure 2 shows the compositions of Ni-Mn-Ga that we used in this study, a mesh of forty equal spaced points. It is worth noting that in order to form offstoichiometric compositions we fixed Ni, Mn, and Ga atoms at specific Wyckoff positions 8c, 4a, and 4b, respectively, according to the Fm3m space group. One of the biggest challenges in this work is to describe correctly various magnetic configurations that emerge due to the compositional mixing. Because of the fact that excess Mn atoms readily occupy the sites of 4c sites of Ni as well as the 4b sites of Ga, they can interact antiferromagnetically (AFM) with the Mn atoms sitting at their regular 4a sites. With a variety of magnetic configurations that may exist for each point on the ternary diagram, it is necessary to perform multiple calculations with different initial spin configurations. We limit our study to three spin configurations refereed as FM (spins of Mn located at the Ni, Mn, and Ga sites are parallel) and two ferrimagnetic ones: FIM-1 (spins of Mn located at the Mn and Ga sites are parallel while the spin of Mn at the Ni site is reversed) and FIM-2 (spins of Mn located at the Mn and Ni sites are parallel while the spin of Mn at the Ga site is reversed).
Results of ab initio calculations
First, in order to test the accuracy of the CPA calculations, we compared our lattice relaxations 05005-p.2 obtained using the SPR-KKR package with a set of calculations obtained for the popular series of Ni 2+x Mn 1-x Ga (x = 0, 0.25, 0.5, 0.75, and 1) alloys by means of the Quantum Espresso (QE) package [19] . Note the GGA-PBE approximation for the exchange-correlation functional as well as the 16 atoms-cell were used in these calculations. The comparison between the results obtained by the SPR-KKR and QE packages is shown in Fig. 3 . We can see from Fig. 3 a similar behavior of the energy curves, namely, a decrease in the lattice parameter occurs with increasing Ni content. It is also seen that the values of the equilibrium lattice parameter for all compositions obtained by the SPR-KKR package are slightly larger (by ~ 0.3 Å) than the lattice parameters calculated using the QE package, which is expected due to the different approximations implemented in the two codes. But overall we see a good agreement and should expect our SPR-KKR calculations to produce meaningful results in the entire range of the ternary diagram. It should be noted that our theoretical values of the lattice parameter for Ni 2 MnGa are close to the experimental 5.825 Å [2] .
We saw in previous studies that exploration of new materials can be significantly facilitated by the highthroughput techniques, which provide a complete picture of the compositional dependence [20] . We adopt the same approach in this work, but using the theoretical methodology. Figure 4 shows an example of our data, which in this case is the equilibrium lattice parameter of the cubic austenite mapped on the ternary Ni-Mn-Ga diagram. The distribution of the bulk modulus on the ternary diagram of Ni-Mn-Ga is shown in Fig. 5 . It is found that the compounds with Ga excess (see the left corner of the diagram) have the lowest values for the bulk modulus (~ 72 GPa) whereas the mean values (~170 GPa) are observed for the compositions with Ni excess. Finally, the highest values (~ 265 GPa) are found for the alloys containing higher concentrations of Mn. The calculated value for the bulk modulus of the stoichiometric Ni 2 MnGa alloy is close to 152 GPa and correlates well with the experimental value (148 GPa) [2] . The bulk modulus was calculated from the secondorder derivative of the total energy (E), by using the following thermodynamic equation.
Here V 0 is the equilibrium volume, P and V are the external pressure and the cell volume, respectively. In Fig. 6(a) we illustrate the mapping of the total magnetic moment on the ternary diagram of Ni-Mn-Ga. Our calculations show that the FIM-2 spin configuration is not favourable in any of the compositions of the cubic L2 1 austenite. We can also observe that the FM alignment is more stable in about two thirds of the compositions, whereas the stable FIM-1 configuration is more stable in compositions with higher Mn content. It should be noted that the average value of the magnetization in the FIM-1 phase is almost the same as in the lower part of FM phase (See Fig. 6(a) ). This is due to the fact that the compounds located in the lower part of the ternary diagram have a large concentration of Ga atoms possessing negligibly small magnetic moments.
In order to investigate the phase stability of the offstoichiometric Ni-Mn-Ga compositions with different magnetic configurations, we calculate their formation energies for the cubic phase. It should be noted that the formation energy is defined as a difference between the total energy of the alloy and the concentration weighted average of the pure atomic species, as follows:
where, E tot is the total energy of alloy, x, y, z are the concentrations of Ni, Mn, and Ga atoms, E Ni(Mn,Ga) are the pure element total energy of Ni, Mn, and Ga atoms, respectively. The negative value of formation energy indicates the phase stability.
The formation energies for the cubic lattice of Ni-MnGa alloys mapped on the ternary diagram are shown in Fig. 7 . It is evident from the figure that the formation energies for the compounds with Ni and Mn excesses atoms have negative values while for alloys with a high Ga content the positive values of the formation energies indicate that those structures are unstable. It is important to note that the most stable compositions are found in the same range, which is shown in Fig. 1 as the most actively explored experimentally. Now, from the theoretical perspective we can see that the experimentally studied area on the ternary diagram of Ni-Mn-Ga is directly related to the energetics of those structures. However, we see from our data that expanding the experimentally area shown in Fig. 1 straight down towards the Ni 0.57 Mn 0.1 Ga 0.33 composition can be rather promising, because our calculations show that region to be even more stable than the stoichiometric Ni 2 MnGa.
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A systematic study of the magnetic and structural properties of Ni-Mn-Ga alloys has been performed by means of ab initio calculations. The results of our calculations allow to map equilibrium lattice parameters, total magnetic moments, the bulk moduli, and the formation energies on the entire spread of the compositional ternary diagram of Ni-Mn-Ga. We have shown that the area of compositions with a higher Ga content has the largest lattice parameter and the smallest bulk modulus, but those compositions are chemically unstable. On the other hand, the area with the higher Ni content has the smallest lattice parameter, exhibits the FM ordering and about average values of the bulk modulus. Finally, the largest bulk moduli and the smallest lattice parameters were found in compositions with the higher Mn content, but those compositions tend to become ferrimagnetic. Calculations of the formation energies show that compositions in the area around the stoichiometric alloy Ni 2 MnGa are the most stable, which explains why exactly this range has been covered so far in the experimental studies reported in the literature.
